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Abstract

The tropical cyclone rainfall climatology study that was performed for the North

Pacific (Rodgers et al. 2000) was extended to the North Atlantic. Similar to the North

Pacific tropical cyclone study, mean monthly rainfall within 444 km of the center of the

North Atlantic tropical cyclones (ie., that reached storm stage and greater) was estimated

from passive microwave satellite observations during an eleven year period. These

satellite-observed rainfall estimates were used to assess the impact of tropical cyclone

rainfall in altering'the geographical, seasonal, and inter-annual distribution of the North

Atlantic total rainfall during June-November when tropical cyclones were most abundant.

The main results from this study indicate: l) that tropical cyclones contribute,

respectively, 4%, 3%, and 4% to the western, eastern, and entire North Atlantic; 2)

similar to that observed in the North Pacific, the maximum in North Atlantic tropical

cyclone rainfall is approximately 5-10" poleward (depending on longitude) of the

maximum non-tropical cyclone rainfall; 3) tropical cyclones contribute regionally a

maximum of 30% of the total rainfall hortheast of Puerto Rico, within a region near 15 °

N 55 ° W, and off the west coast of Africa; 4) there is no lag between the months with

maximum tropical cyclone rainfall and non-tropical cyclone rainfalI in the western North

Atlantic, while in the eastern North Atlantic, maximum tropical cyclone rainfall precedes

maximum non-tropical cyclone rainfall; 5) like the North Pacific, North Atlantic tropical

cyclones of hurricane intensity generate the greatest amount of rainfall in the higher

latitudes; and 6) warm ENSO events inhibit tropical cyclone rainfall.
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Abstract

The tropical cyclone rainfall climatology study that was performed for the North

Pacific (Rodgers et al. 2000) was extended to the North Atlantic. Similar to the North

Pacific tropical cyclone study, mean monthly rainfall within 444 km of the center of the

North Atlantic tropical cyclones (ie., that reached storm stage and greater) was estimated

from passive microwave satellite observations during an eleven year period. These

satellite-observed rainfall estimates were used to assess the impact of tropical cyclone

rainfall in altering the geographical, seasonal, and inter-annual distribution of the North

Atlantic total rainfall during June-November when tropical cyclones were most abundant.

The main results from this study indicate: 1) that tropical cyclones contribute,

respectively, 4%, 3%, and 4% to the western, eastern, and entire North Atlantic; 2)

similar to that observed in the North Pacific, the maximum in North Atlantic tropical

cyclone rainfall is approximately 5-10 ° poleward (depending on longitude) of the

maximum non-tropical cyclone rainfall; 3) tropical cyclones contribute regionally a

maximum of 30% of the total rainfall northeast of Puerto Rico, within a region near 15 °

N 55 ° W, and off the west coast of Africa; 4) there is no lag between the months with

maximum tropical cyclone rainfall and non-tropical cyclone rainfall in the western North

Atlantic, while in the eastern North Atlantic, maximum tropical cyclone rainfall precedes

maximum non-tropical cyclone rainfall; 5) like the North Pacific, North Atlantic tropical

cyclones of hurricane intensity generate the greatest amount of rainfall in the higher

latitudes; and 6) warm ENSO events inhibit tropical cyclone rainfall.



1. Introduction

One of the main driving forces for the motion of the earth's atmosphere is

provided by tropical heat sources generated by the combination of clouds and

precipitation. An important source of rainfall for agriculture and other water applications

over the regions of the subtropics and tropics is tropical cyclones. However, questions

remain concerning the amount that tropical cyclones contribute to the total (i.e.,

combined tropical and non-tropical cyclone rainfall) rainfall, how these tropical cyclone

rainfall patterns are distributed geographically and seasonally, and how climate variations

such as ENSO events affect tropical cyclone rainfall.

Using passive microwave satellite observations, these questions have been

addressed by Rodgers et. al. (2000) for the North Pacific for the years of 1987-1998

during the tropical cyclone season (i.e., June- November) with the following results.

Tropical cyclones contribute approximately 7% of the rainfall in the entire domain of the

North Pacific during a tropical cyclone season, with maximum regional contributions of

approximately 30% northeast of the Philippines Islands and 40% off the lower Baja

California coast. It has also been shown that tropical cyclone rainfall in the western

North Pacific is affected significantly by ENSO variations in the opposite sense of what

might be expected. For example, during the El Nifio events that occurred during these

years, high sea surface temperatures (SSTs) and evaporation are produced that create

more total precipitation than normal in the eastern and central North Pacific. Moreover,

the E1 Nifio years produce lower than normal SSTs and non-tropical cyclone precipitation



in the westernNorth Pacific. However,tropicalcyclonerainfall amountsin the western

North Pacificaregreaterthannormaldespitethe lower SSTsdueto theE1Nifio induced

lower-troposphericcirculationpatternsthat arefavorablefor tropicalcyclonegenesisand

intensification.

The next question that shouldbe addressedis the manner in which tropical

cyclones influence the distribution of total North Atlantic rainfall. In this study,

monthly North Atlantic tropical cyclonerainfall andthe rainfall generatedby all other

North Atlantic systems are determined using data from the Special Sensor

Microwave/Imager (SSM/I) instrumenton board theDefenseMeteorological Satellite

Program (DMSP) satellites. The SSM/I observationsare collected over the North

Atlantic domain (0°-35° N by 0°-100°W) during the monthsof June-Novemberwhen

tropical cyclonesaremostabundantfor theyears1987-1989and 1991-1998(therewas

little SSM/I dataavailableduring 1990). Thesemonthly rainfall observationsare then

used to examinegeographical,seasonal,and inter-annualvariations in North Atlantic

tropicalcyclonerainfall.

2 Data Analyses

a Special Sensor Microwave�Radiometer (SSM/I)

The DMSP satellites circle the globe 14.1 times per day along a near sun-

synchronous orbit at an altitude of 833 km and a 98.8 ° inclination. The SSM/I sensors on
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board DMSP F-8, F-10. F-I 1,F-13, and F-14 satellitesmeasurereflectedand emitted

dual polarized microwave radiation at frequenciesof 19.4, 37.0, and 85.5 GHz and

vertically polarized microwave radiation at 22.2 GHz. The SSM/I scan conically at a 45 °

angle from nadir and have an observational swath width of approximately 1400 km at the

earth's surface. The F-8 DMSP SSMfI was fully operational from the first week of July

1987 to February 1990, while the F-10 DMSP SSM/I was partially operational from

December 1990 to January 1992 and fully operation thereafter. The F-11 DMSP SSM/I

had been fully operational since January 1992, while the F-13 and F-14 DMSP SSM/Is

were, respectively, launched in May 1995 and May 1996 and has been fully operational

ever since. The ascending (descending) F-8, F-10, F-11, F-13, and F-14 DMSP orbits,

respectively, cross the equator near the eastern North Pacific at approximately 00:20

(11:50). 04:05 (16:30), 01:34 (13:08), 23:35 (12:08), and 01:47 (14:29) UTC. Further

information concerning the SSM/I sensor measurements and orbital mechanics can be

found in Hollinger et al. (1991).

b SSM/I brightness temperature-rainrate algorithm

Rainrates are obtained from the SSM/I-derived brightness temperatures by

utilizing an algorithm developed by Adler et. al. (1994). The algorithm is called the

Version 2 Goddard Scattering Algorithm (GSCAT-2). The algorithm uses a combination

of the 37.0, 22.2, and 19.9 GHz channels to define potential raining regions over the

ocean and the 85.5 GHz channel to derive rainrates greater than l mm h _ within the

raining areas. Both the rain criteria and the rainrate and the brightness temperature



relationshiparebasedoncloudmodelcalculations(Adler et. al. 1991). Thealgorithm is

chosenfor its computationalsimplicity and its enhancedinstantaneousfield of view

(IFOV) in observingrainratesfrom the 85.5 GHz channel(i.e., 15by 15 km). Areal

meanrainratesderivedfrom SSM/Ifor the innercore (i.e.,within 111km of thetropical

cyclone center)of the 1987-1989westernNorth Atlantic tropical cyclonesusing the

GSCAT-2 algorithmarefound(seeTable2 in Rodgerset al., 1994)to comparefavorably

with most of theearly estimatesthatareobtainedfrom rain gages,water vapor budget

studies,andearlier satellite-basedmicrowaveobservations.

c Sampling Technique

To assemble the mean monthly tropical cyclone rainfall data, SSM/I-derived

tropical cyclone rainrates are used. Only the rainrates that are observed within 444 km

radius of the center of circulation of North Atlantic tropical cyclones by SSM/I are

sampled. This tropical cyclone rainrate sampling area is chosen to encompass the

majority of the rainfall that is contributed by tropical cyclones, which includes the eye

wall and the inner and outer rain bands. The center of the sampled tropical cyclones for

the time of the SSM/I passes are extrapoiated from the best track data.

Within the 444 km circular domain, the SSM/I sensors were able to monitor the

rainrates at least once for 136 western and 111 eastern North Atlantic tropical cyclones

The sample does not include tropical cyclones that never reached storm stage. From

these observations, the SSM/I tropical cyclone rainrate samples include 38 depressions,

57 storms (18-31 ms_), 36 hurricanes (32-62 m s _) and 1 super hurricane (> 62 m s _) in



the westernNorth Atlantic and33 depressions,51 storms,26 hurricanes,and 1 super

hurricanein theeasternNorth Atlantic Moreover,for tropical cyclonesthat occurover

land, theSSM/I-derivedrainratesareonly sampledfor dissipatingtropical cyclonesthat

arefollowed by thebesttrackreports.Therefore,for thesereasonsthestudywill slightly

underestimatethetotal tropicalcyclonerainfall.

The analysisarea for this study covers both land water regions of the North

Atlantic that is divided into two regions. The westernNorth Atlantic region is located

between00-35° N and 50°-100 ° W, while the eastern North Atlantic area of analyses is

located between 0°-35 ° N and 0°-50 ° W (see Fig. 1). In the western region, the eastern

North Pacific tropical cyclone rainfall is eliminated from the sample by deleting the

tropical cyclones in that region, while non-tropical cyclone rainfall is kept. The two

North Atlantic domains are arbitrarily chosen in order to partition the ocean basins into

equal geographical areas. The domain was also chosen to eliminate regions of the North

Atlantic near the equator where tropical cyclones are rarely observed due to limited

coriolis forcing (i.e., latitudes less than 5 ° N) or at high latitudes due to strong vertical

wind shear that is greater than 10 ms _ and/or SSTs less than 26 ° C (i.e., latitudes greater

than 35 ° N).

To estimate the monthly tropical cyclone rainfall the SSM/I-derived rainrates that

are sampled within 444 km of the center of each tropical cyclones are accumulated and

averaged for a 2.5 ° latitudinal/longitudinal grid and then multiplied by the number of



hoursfor a given month usingequation1 found in Rodgerset al. (2000). Thesevalues

will bereferredto as"tropical cyclone rainfall" in the remaining portion

of the text.

The total rainfall from all systems is then calculated considering all SSM/I

observations and will be referred to as "total rainfall" in the remaining portion of the

text. Finally, the non-tropical cyclone rainfall is calculated from the differences between

the total rainfall and that estimated from tropical cyclones and will be referred to as

"non-tropical cyclone rainfall" in the remaining portion of the text.

In order to make the SSM/I observations more homogeneous from year to year

and from month to month, the following adjustments in the SSM/I-derived mean rainfall

data sets are made. First, the accumulated monthly rainfall amounts for the inter-annual

rainfall analyses are generated from a single SSM/I satellite from 1992-1998 when

multiple SSM/Is were flown. For the other rainfall analyses all available SSM/Is data are

used. Second, since the DMSP F-8 SSM/I was not operational until after June 1987 and

during the tropical cyclone season of 1990, the mean inter-annual rainfall set was limited

to months of July- November. In addition, the mean seasonal rainfall analyses for the

months of June-November only contained the years of 1988-1989 and 1991- 1998 (e.g.

total of 60 months).

d Sea Surface Temperatures (SST)



To examinethe variationof SSTsduring the El Nifio andLa Nifia yearsduring

this 10yearperiod, global meanmonthly SSTsfor a givenyearwereused. The month

of Septemberwas chosensince it is the month with the maximum tropical cyclone

occurrences. TheseSSTswere provided by the National Meteorological Center and

averagedfor a 2.5" latitudinal/longitudinalhorizontalgrid (ReynoldsandSmith 1994).

3. Results

Geographical distribution of non-tropical cyclone and tropical cyclone rainfall

The upper, middle, and lower panels of Fig. 2 show, respectively, the

geographical distribution of mean monthly non-tropical cyclone rainfall, the mean

tropical cyclone rainfall, and the percentage of rainfall contributed by tropical cyclones

(i.e., the ratio of tropical cyclone rainfall to total rainfall) over the North Atlantic during

the 65 month period. The upper panel of Fig. 2 indicates that the region with the greatest

non-tropical cyclone rainfall amount (i.e., greater than 300 mm month _) is associated

with the ascending branch of the Hadley circulation that helps to maintain the ITCZ

regions and the active baroclinic zone off the east coast of United States. Regions of

moderate non-tropical cyclone rainfall amounts (i.e., 200-300 mm month _) appear to be

associated with the baroclinic zone that extends northward and southeastward into the

western Caribbean Sea and the Gulf of Mexico. Finally, regions of light non-tropical

cyclone rainfall amounts (less than 200 mm month 1) appear to be associated with the

descending branch of the Hadley circulation over vast regions of the subtropics, Northern



Africa, SouthernSpain,andtheeastandsoutheasternUnited States. It is notedthat the

dry region over the easternregionof theNorth Atlantic extendssouthwestwardtowards

the region betweenPuertoRico and the coastof Venezuelaand Columbia. The dry

atmosphereis manifestedby persistentdivergent lower-troposphericflow. The non-

tropical cyclonemeanmonthlyrainfall amountsfor the65monthperiodare foundto be,

respectively,209, 123,and 166mmmonth_ for thewestern,eastern,andtheentireNorth

Atlantic. The NorthAtlantic meanmonthlyrainfall amountsaresomewhatlessthanthat

found in theNorth Pacificfor thesametimeperiod.

The middlepanelof Fig. 2, suggeststhatthemaximumtropicalcyclonerainfall is

concentratedin the subtropicallatitudesfrom themiddleNorth Atlantic west towardsthe

Gulf of Mexico. No tropical cyclonerainfall is found off the westcoastof Spainand

Africa and equatorwardof 5° N latitude. The regionalareawith the greatesttropical

cyclonerainfall (i.e., greaterthan30mmmonth_) occurseastof PuertoRico andnorthof

the LesserAntilles. This is the regionwheremany tropical cyclonesduring the period

recurved and momentarily intensified. The mean monthly rainfall contributed by

tropical cyclonesduring the period are, respectively9, 3, and 6 mm month" for the

western,eastern,andentireNorthAtlanticdomain.

Comparingthe middle and upperpanelsof Fig. 2, it can be seenthat, like the

North Pacific (Rodgerset al 2000),themaximumNorthAtlantic tropicalcyclonerainfall

is slightly polewardof the maximumnon-tropicalcyclonerainfall found in the ITCZ.

This is especiallyobvious in thepercentagefields seenin the lower panelof Fig. 2. It



canbeseenthat theregionswheretropicalcyclonescontributethegreatestrainfall arein

the dry regionsof thesubtropicsnorthandwestof theITCZ. For example,northeastof

PuertoRico wherethenon-tropicalcyclonerainfall for this period is lessthan 150mm

monthZ, the area receivesmore than 30% additional rainfall from tropical cyclones.

Thus, it appearsthat without the presenceof the tropical cyclonesthat Puerto Rico

endured,rainfall during their growingseasonwouldbe limited. Fig. 2 alsoindicatesthat

tropical cyclonescontributedasmuchas 10%to thetotal rainfall over landareasof the

SoutheasternUnited States,YucatanPeninsula,andCentralAmerica. However,it should

be reemphasizedthat tropicalcyclonerainfall over landandalongcoastalregionsmaybe

underestimatedin this studyfor thereasonsgivenin section2. Also, shalloworographic

rainfall that is confined primarily below the freezing level may be missedor under-

estimatedby the GSCATtechniquethatis dependenton scatteringdueto ice in order to

estimateprecipitation. The meanpercentageof rainfall contributedby tropical cyclones

during this period for the western,eastern,andentire North Atlantic are, respectively,

4%, 3%, and 4%.

Zonally averaged non-tropical cyclone and tropical cyclone profiles for both the

western and eastern North Atlantic are seen in Fig. 3. In the western North Atlantic (Fig.

3a), there is a broad zonal region of high tropical cyclone rainfall amounts (>10 mm

month -_) between 15 ° and 32°N with a maximum of 15 mm month _ near 27" N. Tropical

cyclones at 27" N contribute nearly 10% to the total rainfall and the maximum is

approximately 20 ° north of the maximum non-tropical cyclone rainfall (Fig. 3b) found in

the ITCZ. In the eastern North Atlantic (Fig. 3c), the zone of maximum tropical cyclone
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rainfall is nearlyhalf of that found in the western North Atlantic (i.e., 7 mm monthL),

occupies a smaller zonal region, contributes less than 4% to the total rainfall, and is

located near 11 ° N. This axis of maximum rainfall is only 5°poleward of the zone of

maximum non-tropical cyclone rainfall (Fig. 3d). This North Atlantic zonal analyses

indicates that during the tropical cyclone months the western North Atlantic tropical

cyclones are more numerous and intense and move to higher latitudes as they begin to

interact with the westerlies.

Seasonal variation of tropical cyclone rainfall

The seasonal variation of the North Atlantic tropical cyclone mean rainfall for the

months of June-November is seen in Fig. 4. The figure shows that eastern North Atlantic

tropical cyclone rainfall increases from June to September and then decreases after

September. The eastern North Atlantic tropical cyclones that contribute rainfall during

August and September usually develop from African easterly wave disturbances. They

can be the most intense tropical cyclones of the season as they propagate westward

towards the North and Central America or recurve northwestward into the westerlies.

In the western North Atlantic, tropical cyclone rainfall can be found throughout

the season, with the greatest amounts located in the subtropical regions east-northeast of

Puerto Rico during July through September. During June, October, and November, the

regions of heavy tropical cyclone rainfall can be found in the Gulf of Mexico or the

western Caribbean Sea. These tropical cyclones, however, do not always originate from
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the North African easterly wave disturbances,but are sometimesgeneratedin the

cyclogenesisregionsof theGulf of Mexico andCaribbeanSea.

Figure 5 showsa histogramof thewestern(Fig. 5a)andeastern(Fig. 5b) North

Atlantic non-tropicalcyclone(black bars)and tropical cyclone (dashedbars)monthly

meanrainfall amounts.The meanmonthlyrainfall andthepercentage(thepercentageis

the numberabovethe bar graph)of rainfall contributedby tropical cyclonespeaksin

August - October in the western North Atlantic, while the tropical cyclone rainfall peaks

in September in the eastern North Atlantic. In the western North Atlantic, the months

that contain the largest tropical cyclone rainfall amounts (i.e., August through October)

coincide with the months that have the greatest non-tropical cyclone rainfall. These

tropical cyclones are usually generated by the North Africa easterly wave disturbances,

but can also be generated by other atmospheric conditions. However, in the eastern

North Atlantic the month with the greatest tropical cyclone rainfall amounts (i.e.,

September) precede the month with the greatest non-tropical cyclone rainfall. These

results suggest that the eastern North Atlantic tropical cyclones generated by the North

African easterly wave disturbance were more active and wetter in September, while the

combination of the ITCZ and baroclinic systems created greater non-tropical cyclone

rainfall during the month of October.

Figure 6a, which shows the zonally averaged mean monthly tropical cyclone

rainfall in the western North Atlantic during the early and late summer and fall months,

reemphasizes the seasonal change. It is clearly seen that heavy tropical cyclone rainfall
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(>20mm month_) between16° and 32 ° N occurs during the late summer. In the eastern

North Atlantic Fig. 6b), it is more clearly seen that there is a late summer tropical cyclone

rainfall season. During this time, heavy zonally averaged mean tropical cyclone rainfall

(>15 mm month") occurs between 10 ° and 17°N latitude. Light tropical cyclone rainfall

of less than 7 mm month -_ occurs at all latitudes during the other months. In both the

western and eastern North Atlantic regions, the tropical cyclones that create the greatest

zonally averaged mean rainfall during the late summer are those that are developed from

the North African easterly wave disturbances. It is also noted from the figure that there is

no latitudinal shift during the season, unlike what was observed in the western North

Pacific (Rodgers et al 2000).

Rainfall and tropical cyclone intensity

The geographical distribution of tropical cyclone rainfall contributed by

depressions, storms, and hurricanes is seen in Fig. 7. Not surprisingly, the figure shows

that the greatest tropical cyclone rainfall amounts are contributed by the most intense

systems. However, in the eastern North Atlantic region the majority of the tropical

cyclone rainfall is light (<15 mm month _) since it is contributed by depressions and

storms. This indicates that during this eleven year period, the majority of the tropical

cyclones were developing and had not matured. In the western North Atlantic, there are

greater regional rainfall amounts. This is particularly true in the region east-northeast of

Puerto Rico. Mean monthly tropical cyclone rainfall amounts exceed 25 mm month 1.

The preferred path of maximum hurricane rainfall traces eastward north of the Greater
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Antilles, andthen splits with one path recurvingnortheastwardinto the westerliesand

anothermoving towardstheFlorida coast. The "bulls eye"hurricanerain maximumoff

the coastof Hondurasis associatedwith Hurricane Mitch. It is also seenthat in the

westernNorth Atlantic (30°N/60°Wby 40°N/50°W) thegreateramountsof rainfall are

generatedat thehigherlatitudesby tropicalcyclonesof hurricaneintensity.

However,the statisticalinformationseenin Fig. 8 indicatesthateventhoughthe

most intensetropical cyclonescontributedthe greatestregionalmeanmonthly rainfall,

the greatestmean monthly rainfall over the entire North Atlantic is contributed by

tropical cyclones of storm stage (i.e., 0.5 (0.8) mm month _ greater than western (eastern)

North Atlantic hurricanes). In addition, eastern North Atlantic depressions contribute

greater amounts of rainfall than eastern North Atlantic storms (i.e., nearly 0.4 mm month-

1 greater). The obvious reasons why these tropical cyclones of storm stage contribute

greater regional rainfall is that there are greater number of storms and storm observations

during this eleven year period (see figure above the bar graph).

The zonally averaged tropical cyclone rainfall as a function of tropical cyclone

intensity for the western (Fig. 9a) and the eastern (Fig. 9b) suggests that as tropical

cyclones become more intense there is a narrowing of the zonal peak and a poleward

shift. The narrowing of the zonal peak of tropical cyclone rainfall can best be Seen in

western North Atlantic, while the poleward shift in the maximum zonal tropical cyclone

rainfall amount is seen throughout the North Atlantic. Similar to North Pacific tropical

cyclones _Rodgers et al 2000), the poleward shift appears to indicate how important the
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more intensetropicalcyclonesarein generatingrainfall at higherlatitudesthroughoutthe

North Atlantic.

d Inter-annual variation of tropical cyclone rainfall

Within the North Atlantic basin at time scales sampled in this study, the

atmospheric forcing mechanisms that have the greatest control on the inter-annual

variation of tropical cyclone frequency and intensity are those related to E1 Nifio

Southern Oscillation (ENSO) events. The ENSO events appear to explain approximately

50% of the inter-annual variation of western North Atlantic tropical cyclones (Gray,

personal communication). According to Gray (I994a), the enhanced central and eastern

North Pacific tropical SSTs and ocean evaporation during the El Nifio years help to shift

the convective region of the ITCZ more eastward, thereby exposing the North Atlantic to

stronger westerly outflow and vertical wind shear. This increase of vertical wind shear

over the North Atlantic, in turn, causes an enhancement in upper-tropospheric ventilation

and less convective development (Reuter and Yau 1986; De Mama and Huber 1998).

During the La Nifia and neutral years, on the other hand, there is little eastward shift in

the convective region of the ITCZ due to the cooler eastern and central North Pacific

SSTs and less vertical wind shear over the North Atlantic. These results were

substantiated in the studies that examined the long term history of strike probability and

damage caused by hurricane landfall in the western North Atlantic (Johnson and Lupo

1999; Bove et al 1998; Pilke and Landsea 1999). These studies suggested that there is a
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greaterhurricanestrikeprobability anddamagefrom hurricanesoccurringduring theLa

Nifia andneutralyearsthanduring theEl Nifio years.

However, as mentionedearlier the inter-annualvariationof hurricanesis only

partially explainedby ENSOevents.Thereareotherfactorsthatsuppressor enhancethe

inter-annualvariability of thefrequencyandintensityof NorthAtlantic tropicalcyclones.

Other inter-annualvarying factorssuchasthe variationof SSTsandsurfacepressures

that thesetropical systemsencounterand the phaseof the Quasi-BiennialOscillation

(Gray 1984a,b) can influence the frequencyandintensityof tropical cyclones. Short

term climate changessuch asthe variation of rainfall in the westernSahel region of

NorthernAfrica (LandseaandGray 1992)aswell aslongertermclimatechangescaused

by thelinkagebetweentheoceanandatmospherethatis associatedwith theNorthPacific

Oscillation (Gershanovand Barnett 1998)andthe North Atlantic Oscillation (Hurrell

1995; Gray 1998)may have a longer term effect on the frequencyand intensity of

tropical cyclones. Therefore, it appearsthat ENSO eventsalonedo not necessarily

produceananomalyin the frequencyand intensityof North Atlantic tropical cyclones,

particularly if theENSOeventis weak.

Tropical cyclonerainfall anomaliesfor eachindividual yearareseenin Fig. 10.

The rainfall anomalies are constructed by subtracting the mean July-November

climatological tropical cyclone rainfall from the meanJuly-Novembertropical cyclone

rainfall for eachof theelevenyears. It is seenthatunlike theNorthPacific(Rodgerset al

2000), the inter-annualvariation in theNorth Atlantic tropical cyclonerainfall during

mostof thetropical cycloneyearsis smallerdueto thelessfrequentandweakersampled
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North Atlantic tropicalcyclones(i.e., compareTable 1of Rodgerset al. 2000with Table

1of this paper). It is notedin Figs. 10and 11that during1995and 1996thereis greater

than averagetropical cyclonerainfall north of the GreaterAntilles and over the entire

domainof thewesternNorthAtlanticasshownby thehistogramsandpercentages.

Thetime historyof theNifio 3.4(i.e.,5°-5°S and 120°-170°W)SSTsseenin Fig.

12, indicatesthat during July-Novembermonthsof this elevenyearperiod therewere

threeE1Nifio/La Nifia eventsthatclearlyshowedwarmSSTanomaliesfollowed by cool

SSTanomalies(1987/1988,1994/1995,and 1997/1998)(BarstonandRopelewski1992).

Thesetwo yearcoupletsaredelineatedin Fig. 11asanE for theE1Nifio yearandaL for

theLa Nifia year. The threecoupletyearsshowclearevidenceof anENSO signalin the

pattern (Fig. 10) and statistics(Fig. 11)of the tropical cyclonerainfall that would be

expectedin theNorthAtlantic. It is clearfrom Figs. 10and 11that theyearswith limited

amountof tropical cyclonicrainfall duringtheEl Nifio yearsarefollowed by ayearwith

abovenormal tropical cyclonerainfall during theLa Nifia years. The La Nifia effect in

1995 continues into 1996 with negative SST anomalies in the Pacific (Fig. 12) and large

amounts and percentages of tropical cyclone rainfaI1 in the Atlantic.

To further verify that Nifio 3.4 SSTs have a greater effect on the inter-annual

variation of the North Atlantic tropical cyclone rainfall than the regional North Atlantic

SSTs, a plan view of the difference between North Atlantic SSTs during the three couplet

ENSO events of 1987/1988, 1994/1995, and 1997/1998 are shown in Fig. 13. The figure

clearly demonstrates that the North Atlantic SSTs differences are not consistent during
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these ENSO events as comparedto those in the easternand central North Pacific

(Rodgerset al. (2000) and, therefore,appearsto haveless affect on the inter annual

variation of North Atlantic tropical cyclonerainfall. Unlike the North Pacific tropical

cyclonerainfall study(Rodgers,et. al. 2000),theNorthAtlantic tropicalcyclonerainfall

patterns(Fig. 10)andstatistics(Fig. 11)duringthe yearsof 1991-1993appearto havea

greaterrelationshipto the ENSOinducedNifio 3.4SSTanomalies.The histogramand

percentagesindicatedthattropicalcyclonerainfallwasreducedduring this timeperiod.

To examinefurther therelationshipbetweentropicalcyclonerainfall andtheNin6

3.4SSTanomaliesfor thetropicalcycloneseasonduringtheelevenyearperiod,a linear

regressionis performed. The linear regressionline and the correlation coefficient

between the Nin6 3.4 SSTanomaliesandwesternandeasternNorth Atlantic tropical

cyclone rainfall areseenin Fig. 14. The figure clearly shows a negativecorrelation

coefficient betweenthe parametersof -.52 and -.67 respectively, in the western and

easternNorth Atlantic, while the correlation coefficient between Nin6 3.4 SST anomalies

and non-tropical cyclone rainfall for both the western and eastern North Atlantic is nearly

zero (figure not shown)..

The difference between the El Nifio/La Nifia pattern for the non-tropical cyclone

and tropical cyclone rainfall across the western and eastern North Atlantic is seen in Fig.

15. The figures are constructed by taking the differences between El Nifio years and the

La Nifia years of the three couplet years. The upper panel of the figure indicates that

there is a small decrease (> -80 mm month l) in the mean rainfall contributed by North
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Atlantic non-tropical cyclone systemsalong the ITCZ (i.e., from 30° W to Central

America). On the other hand, there is a small increase in rainfall (< 80 mm month _)

within the subtropical regions of the North Atlantic east of North America and between

30 °- 50 ° W during the E1 Ni_o years.

The lower panel of Fig. 15 (scale is smaller than upper panel) shows that tropical

cyclone rainfall is less (> -35 mm month _) over the majority of the North Atlantic during

the El Nifio years than during the La Nifia years. The only exception is within a limited

area of the North Atlantic subtropics north of the Lesser Antilles where mean tropical

cyclone rainfall was greater (< 15 mm month _) during El Nifio years. It is interesting to

note, but not surprising, that the enhanced vertical wind shear that is more prevalent

during the E1 Nifio years appears to influence not only the convection in the tropical

cyclones, but convection within the ITCZ of the North Atlantic .

The zonally averaged non-tropical cyclone and tropical cyclone mean monthly

rainfall during the El Nifio/La Nifia years is shown in Fig. 16 for the western and eastern

North Atlantic. The figure indicates that there is little difference in the zonally averaged

non-tropical cyclone rainfall between the El Nifio and La Nifia periods for both the

western (Fig. 16b) and eastern (16d) North Atlantic. Not surprising, the zonally averaged

tropical cyclone rainfall during the El Nifio years was less than those during the La Nifia

periods for both the western (Fig. 16a) and eastern (16c) North Atlantic. This was

particularly true in the tropical regions (<20 ° N) of the western North Atlantic and in the

subtropical area (>20°N) of the eastern North Atlantic.
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Table 1. The total number of tropical cyclones and tropical cyclones of

depression, storm, and moderate (Vmax 32-64 ms a) and strong (Vmax >64 ms 1)

hurricane intensity observed from all available SSM/Is in the western and central

North Atlantic during July-November of the three El Nifio and La Nifia years.

Depressions

Storms

Moderate Hurricanes

Strong Hurricanes

All Tropical Cyclones

North Atlantic E! Nifio/La Nifia Years

Western Eastern

10/14 6/11

11120 9/20

6/14 2/13

0/1 0/0

27/49 17/44

The North Atlantic tropical cyclone frequency and intensity data for the three E1

Nifio/La Nifia couplet years are seen in Table 1. The table reveals that there are also

differences in the number and intensity of the North Atlantic tropical cyclones during the

warm and cooi ENSO events. The information in the table clearly demonstrates that the

total number of western and eastern North Atlantic tropical cyclones are considerably
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greater during the La Nifia years as compared to those during the El Nifio years. It is also

observed that there are more intense western and eastern North Atlantic tropical cyclones

during the La Nifia years. These statistical findings are not surprising and support the

tropical cyclone rainfall information previously mentioned.

4 Conclusions and Summary

Similar to the North Pacific tropical cyclone study (Rodgers et al. 2000), rainfall

estimates made from satellite passive microwave (SSM/I) observations are used to

estimate the North Atlantic monthly rainfall amounts contributed by tropical cyclones

that became storm intensity and greater. These rainfall estimates during the approximate

years of 1987-1998 were used to assess the impact of tropical cyclone rainfall on the

geographical, seasonal, and intra-annual distribution of total rainfall.

The main results of this study suggest the following.

1) Tropical cyclones contribute, respectively, 4%, 3%,and 4% to the total

western, eastern, and the entire North Atlantic rainfall during the tropical cyclone

season. The greatest contributions of rainfall from tropical cyclones is nearly 30%

and are found northeast of Puerto Rico, within the middle subtropical North Atlantic,

and west of Africa. Much like the North Pacific, it appears that tropical cyclones

can augment the rainfall during the North Atlantic growing season, particularly near

the lesser and greater Antilles Islands, Mexico, Central America, and the
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southeasternUnited Statesandcanbe a significant sourceof waterfor agriculture

andotherpurposes.

2) The maximum zonally averagedtropical cyclone rainfall is located

polewardof the maximumzonallyaveragednon-tropicalcyclonerainfall within the

North Atlantic. This is particularlytrue in thewesternNorthAtlantic wheretropical

cyclonesrecurvenorthwardsunderthe influenceof thewesterlies.

3) The greatestamountof tropicalcyclonerainfall is contributedby systems

of storm intensity in both thewesternandeasternNorth Atlantic dueto thegreater

frequency. However, there is a greater frequency of tropical cyclones at all

intensities in the western North Atlantic and, therefore, more tropical cyclone

generated rainfall.

4) There is no monthly lag between maximum tropical cyclone rainfall and

maximum non-tropical cyclone rainfall in the western North Atlantic, while in the

eastern North Atlantic maximum tropical cyclone rainfall precedes maximum non-

tropical cyclone rainfall. This lag may be attributed to the fact that tropical cyclone

rainfall is more dependent on the frequency of African easterly wave disturbances

that reach their maximum in late August and early September, while non-tropical

cyclone rainfall is mostly dependent on the presence and strength of both the ITCZ

and baroclinic systems that reach their combined maximum in October.
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5) Unlike the North Pacific tropical cycloneclimatology rainfall study, the

warm ENSO eventshaveaoppositeaffecton the tropical cyclonerainfall over the

North Atlantic by inhibiting tropicalcyclonerainfall by subjectingthesesystemsto

greaterupper-troposphericventilation and vertical wind shear. At the sametime,

warm or cool ENSO yearshadlittle influenceon the non-tropicalcyclone rainfall.

Also unlike theNorthPacifictropicalcyclonerainfall climatologystudy,thetropical

cyclonerainfall differencesduringthecoupletE1Nifio/La Nifia yearsof 1987/1988,

1994/1995and 1997/1998were much less in the North Atlantic basin than that

found in the North Pacific, due to weakerand less frequent numbersof tropical

cyclones

6) Finally, thesatelliteestimatedtropicalcyclonerainfall observationsduring

the couplet E1Nifio/La Nifia yearsof 1987/1988,1994/1995and 1997/1998were

consistentwith theearlyNorthAtlantic tropicalcyclonestudiesin thatthe amountof

tropical cyclone rainfall was influencedmoreby atmosphericforcing than by sea

surfaceenergyflux processes.
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TABLE

Table 1. Thetotal numberof tropical cyclonesandtropical cyclonesof depression,

storm,andmoderate(Vmax 32-64ms_) andstrong (Vmax>64 ms_) hurricaneintensity

observedfrom all availableSSM/Isin thewesternandcentralNorthAtlantic duringJuly-

Novemberof thethreeEl Nifio andLaNifia years.

FIGURES

Fig. 1 Plan view of the North Atlantic showing the designatedwestern and

eastern regions (within boxes)that were sampledfor total, non-tropicalcyclone,and

tropicalcyclonemeanmonthlyrainfall.

Fig 2 A plan view showing the SSM/I-derived meanmonthly North Atlantic

-1
rainfall amounts(mm month ) contributed by non-tropical cyclone systems(upper

panel)andtropicalcyclones(middlepanel),andthefractionalamountof tropicalcyclone

rainfall (percentage) (,lower panel) for the months of July-November 1987, June-

November1988-1989,and 1991-1998(65 monthperiod). Brown andblue background
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designate,respectively,non-rainingland andoceans.

percentageandrainfall amountsaboveeachfigure.

The color barcodedelineatesthe

Fig. 3 The SSM/I-derived 2.5" latitudinal non-tropical cyclone and tropical

-1
cyclone zonally averaged mean monthly rainfall amounts (mm month ) for,

respectively,the(a andb) westernand(c andd) easternNorth Atlantic for the65 month

period.

Fig. 4 A plan view showingthe SSM/I-derived meanmonthly North Atlantic

-1
tropical cyclone rainfall amounts(mm month ) contributedby tropical cyclonesfor

1988, 1989,and 1991-1998for themonthsof June-November.Thewhite background

designatenon-rainingland and oceansareas. The gray barcodedelineatesthe rainfall

amounts.

Fig. 5 A histogramshowingthe SSM/I-derivedaveragedmeanmonthly rainfall

-1
amounts(mm month ) contributedby non-tropicalcyclonessystems(dark shade)and

tropicalcyclones(hatchedshade)for 1988,1989,and 1991-1998duringJune-November

for the (a) western and (b) easternNorth Atlantic. Percentageabovethe bar graph

representsthepercentageof rainfall contributedby tropicalcyclonesduring themonth.

Fig. 6 The SSMfI-derived2'5° latitude zonally averagedmeanmonthly rainfall

amounts(mm month-1) contributedby tropicalcyclonesfor 1988,1989,and 1991-1998
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during the early summer (June-July), late summer (August-September),and fall

(October-November)seasonsfor the(a)westernand(b)easternNorthAtlantic.

Fig. 7 A plan view showingthe SSM/I-derivedmeanmonthly North Atlantic

-1
tropical cyclone rainfall amounts(ram month ) contributedby tropical cyclones at

depression,storm,and hurricanestageduring June-Novemberof 1988,1989,and 1991-

1998. Thewhite backgrounddesignatenon-raininglandandoceansareas.Thegraybar

codedelineatestherainfall amounts.

Fig. 8 A histogramshowingthe SSM/I-derivedmeanmonthly rainfall amounts

-1
(mm month ), percentageof contribution,and numberof observationsfor the western

(dark shade)andeastern(light hatched)North Atlantic tropical cyclonesat depression,

storm,andhurricanestageduringthe65monthperiod.

Fig. 9 The SSM/I-derived 2.5" latitudinal zonally averaged mean monthly

rainfall amounts(ram month-1) contributedby the (a) westernand (b) easternNorth

Atlantic tropicalcyclonesof depression,storm,andhurricanestageduringthe65 months

period.

Fig. 10 A plan view showingthe SSM/I-derivedmeanmonthly North Atlantic

-1
tropical cyclonerainfall anomalies(rammonth ) for theyearsof 1987-1989and 1991-

1998during July-Novemberperiod. White backgrounddesignatenon-rainingland and
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oceansareas. The light and dark shades

negativerainfall anomalies.

delineates,respectively, the positive and

Fig. 11 A histogramshowingtheSSM/I-derivednon-tropicalcyclone(darkshade)

-1
andtropical cyclone (hatchedshade)meanmonthly rainfall amounts(ram month ) for

the (a) westernand (b) easternNorth Atlantic during theJuly-Novemberperiod for the

yearsof 1987-1989and 1991-1998.Percentagevaluesindicatethefractional amountof

rainfall contributedby tropical cyclones. "Es" and"Ls" represent,E1Nifio andLa Nifia

yearsasdefinedby theNifio 3.4SSTanomalies.

Fig. 12 Time historyof theSSTanomalies(°C) in theNifio 3.4regionfrom 1980-

1999. Light (dark) shadesrepresentpositive(negative)SSTanomalies.

Fig. 13 A plan view showingthe SSTdifferences(°C) betweenEl Nifio andLa

Nifia couplet years (1987/1988, 1994/1995,and 1997/1998)over the North Atlantic

during themonthof September..

Fig. 14 A scatterplot of the tropicaleasternNorthAtlantic SSTanomaliesin the

-1
3.4 Nifio region and the meanmonthly rainfall amounts(mm month ) contributedby

tropical cyclonesduring July-Novemberperiod for theyearsof 1987-1989,and 1991-

1998 for the (a) western and (b) easternNorth Pacific. The best-fit line (broad), the

equation of the line, and the linear correlation coefficient are shownfor each North

Atlantic oceanbasin.
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Fig. 15 A planview of thedifferencebetweenthemeanmonthly rainfall amounts

-1
(mmmonth ) contributedby theNorthAtlantic non-tropicalcyclonesystems(toppanel)

andtropicalcyclones(bottompanel)duringE1Nifio years(1987, 1994,and 1997)minus

the La Nifia years (1988, 1995,and 1998). Brown and blue backgrounddesignate,

respectively, non-raining land and oceansareas. The color bar code delineatesthe

rainfall differences.

Fig. 16 The SSM/I-derived 2.5° latitudinal zonally averaged mean monthly

-1
rainfall amounts(mm month ) for the tropical cyclonesand non-tropical cyclones,

respectively,for the(a andb) westernand(c andd) easternNorth Atlantic during theE1

Nifio (solid lines)andLa Nifia years(dashedlines).
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